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•  Polypyrrole  nanotube  film  (PNTF)  is 
self-assembled  with  a  simple  method 
from  PPy  nano-tubes  with  high 
aspect  ratio. 

•  PNTF  is  used  as  the  functional  inter¬ 
layer  for  Li-S  battery. 

•  Li-S  battery  with  PNTF  displays  an 
enhanced  cycling  performance,  even 
with  high  sulfur  loading. 
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Polypyrrole  nanotube  film  (PNTF)  is  self-assembled  with  a  simple  method  from  PPy  nano-tubes. 
Consequently,  PNTF  is  sandwiched  between  sulfur  cathode  and  separator  to  act  as  the  functional 
interlayer  for  Li-S  battery.  Because  of  the  adsorption  effect  between  PPy  and  lithium  polysulfides  and  the 
conductivity  of  PPy  films,  the  polymer  interlayer  can  not  only  decrease  the  polarization  of  sulfur  cathode 
significantly,  but  also  suppress  shuttle  effect  and  the  redistribution  of  active  material  during  charge/ 
discharge  process  effectively.  Li— S  battery  with  the  functional  interlayer  shows  an  encouraging  elec¬ 
trochemical  performance.  With  approximately  2.5—3  mg  cm-2  sulfur  loading  on  the  electrode,  the  initial 
discharge  capacity  is  1102  mAh  g-1,  and  the  capacity  retains  at  712  mAh  g-1  after  300  cycles  at  0.5C,  and 
the  coulombic  efficiency  increases  to  around  92%  in  the  electrolyte  without  LiNC>3. 

©  2014  Published  by  Elsevier  B.V. 


1.  Introduction 

Currently,  with  rapid  development  in  advanced  portable  de¬ 
vices,  zero-emission  electric  vehicles  (EV)  and  smart  grids, 
rechargeable  batteries  with  high  energy  density  and  long  cycle  life 
are  in  great  demand  [1,2  .  Among  various  battery  systems,  sulfur 
cathode  has  a  high  theoretical  capacity  (1675  mAh  g-1)  and  a  high 
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theoretical  specific  energy  (2600  Wh  Kg-1).  In  combination  with 
the  natural  abundance,  low  cost  and  environmental  friendliness  of 
sulfur,  the  Lithium  sulfur  (Li-S)  battery  becomes  a  promising 
candidate  for  the  next  generation  [3-5  . 

However,  the  insulating  nature  of  sulfur,  the  volume  expansion, 
and  the  high  solubility  of  lithium  polysulfides  (PS)  in  the  ether- 
based  electrolyte  lead  to  a  high  polarization,  serious  capacity 
fading,  poor  rate  stability  and  low  coulombic  efficiency  of  Li-S 
battery,  inhibiting  its  commercialization  [6,7].  Many  approaches 
have  been  made  to  address  these  obstacles  and  improve  the  ele- 
trochemical  performance  of  Li-S  battery  [3,6].  Most  studies  are 
focusing  on  the  modification  of  cathode  with  various  kinds  of 
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carbon  materials  and  conductive  polymers  [8-10].  All  the  ap¬ 
proaches  can  enhance  the  electrical  conductivity  of  the  cathode  and 
suppress  the  loss  of  soluble  polysulfides  intermediates,  and  thereby 
improving  the  active  material  utilization  and  cycle  stability.  In 
addition,  the  issue  of  low  coulombic  efficiency  is  resolved  by  the 
modification  of  the  electrolyte  [11-14  .  Although  studies  on  the 
sulfur  cathode  show  promising  improvements,  but  the  material 
processing  steps  are  often  complex  and  costly,  limiting  the  feasi¬ 
bility  of  manufacturing  a  viable  Li-S  battery.  Therefore,  more 
effective  approaches  need  to  be  set  up  for  the  commercialization  of 
Li-S  battery  [2]. 

Recently,  interlayers  of  micro-porous  carbon  paper  15],  free 
standing  MWCNT  paper  [16  ,  reduced  grapheme  oxide  based  film 
[17],  and  treated  carbon  paper  18]  have  been  incorporated  be¬ 
tween  sulfur  cathode  and  separator  as  the  carbon  interlayer.  The 
carbon  interlayer  facilitates  the  adsorption  of  soluble  lithium  pol¬ 
ysulfides  and  makes  them  available  for  reutilization  during  the 
following  cycles.  Moreover,  the  carbon  interlayer  can  reduce  the 
polarization  of  the  cell  significantly.  The  cycle  performance  is 
enhanced  self-evidently  with  this  simple  strategy.  However,  the 
long-term  cycle  performance  still  needs  to  be  improved  owing  to 
the  weak  adsorbing  ability  of  carbon  to  lithium  polysulfides. 

It  is  reported  that  conductive  polymers  such  as  poly(3,4- 
ethylenedioxythiophene)  (PEDOT)  [19  ,  polyaniline  (PAN) 
[10,20,21  ,  polypyrrole  (PPy)  [22,23  ,  and  polythiophene  (PTh)  [24] 
are  usually  proton-doped  so  that  the  protons  can  act  as  bridges  to 
link  the  polymers  to  PS  anions  via  H-bonds  [5,25].  The  H-bonds 
between  the  proton-doped  polymers  and  lithium  polysulfides 
make  them  adsorb  PS  more  effectively  during  charge/discharge 
process.  Meanwhile,  the  conductive  polymers  are  both  electroni¬ 
cally  and  ionically  conductive,  which  is  beneficial  to  reduce  the 
resistance  and  enhance  the  rate  capability  of  the  cell.  Furthermore, 
the  conductive  polymers  themselves  are  electrochemically  active, 
which  can  provide  some  capacity  for  the  cell.  Thus  conductive 
polymers  are  more  suitable  to  be  used  as  the  functional  interlayer 
for  Li-S  battery.  Polypyrrole  functional  interlayer  (PFIL)  has  been 
in-situ  fabricated  uniformly  onto  the  surface  of  sulfur  cathode  to 
inhibit  the  dissolution  of  lithium  polysulfides  and  protect  sulfur 
cathode  in  our  previous  reports  [26].  Li-S  battery  with  PFIL  showed 
enhanced  cycle  performance,  however,  the  initial  discharge  ca¬ 
pacity  was  decreased  because  of  the  dense  interlayer,  and  it  showed 
limited  advantages  in  Li-S  battery  with  high  sulfur  loading. 

Herein,  as  seen  in  Fig.  1,  PPy  nanotubes  film  (PNTF)  is  self- 
assembled  from  PPy  nano-tubes,  which  is  sandwiched  between 
the  sulfur  cathode  and  separator  as  the  functional  interlayer. 
Because  of  the  H-bond  and  large  specific  area  PPy  nanotube,  PNTF 
can  inhibit  the  dissolution  and  migration  of  PS  in  the  electrolyte 


Fig.  1.  (a)  Images  of  the  PPy  nanotube  film,  (b)  TEM  images  of  and  PPy  nano-tubes,  (c) 
a  schematic  cell  configuration  of  rechargeable  Li-S  batteries. 


effectively.  PNTF  can  also  protect  the  structure  of  sulfur  cathode 
from  being  damaged  during  charge/discharge  process.  So  the  novel 
configuration  presented  here  is  more  suitable  to  be  applied  to 
overcome  the  problems  of  Li-S  battery. 

2.  Experimental 

2.2.  Preparation  of  the  PPy  nanotube  film 

The  tubular  polypyrrole  (T-PPy)  was  synthesized  by  an 
improved  self-degraded  template  method  [27  .  200  ml  aqueous 
solution  of  Fe(N03)3  (50  mmol)  and  methyl  orange  (1  mmol)  was 
prepared  as  the  template.  10  mmol  pyrrole  was  added  into  the 
template  and  stirred  for  24  h.  The  BET  surface  area  of  PPy  nanotube 
was  as  high  as  289  m2  g-1.  The  PPy  nanotube  film  was  obtained 
after  vacuum  filtration  and  drying.  The  product  was  washed  by 
water  and  ethanol  alternatively  until  the  filtrate  was  colorless.  The 
thickness  of  PNTF  is  around  35  pm,  and  the  areal  density  is  around 
1  mg  cm'2. 

2.2.  Preparation  of  the  sulfur  cathode 

The  S/C  composite  was  prepared  by  a  melting  diffusion  strategy 
with  a  mixture  of  sulfur  and  Ketjen  black  (KB)  (Akzo  Nobel  Corp.)  in 
the  weight  ratio  of  2:1.  Then  the  composite  was  sealed  in  a  glass 
tube  under  vacuum  followed  by  co-heating  at  155  °C  for  12  h. 
Consequently,  the  slurry  was  prepared  by  ball  milling  80%  S/C 
composite,  10  wt%  acetylene  black  (AB)  as  conductive  agent,  5  wt% 
carboxy  methyl  cellulose  (CMC),  5  wt%  (styrene-butadiene  rubber) 
SBR  as  binders  and  deionized  water  as  the  solvent.  The  slurries 
were  casted  onto  aluminum  foil  substrates.  After  the  solvent  was 
evaporated,  the  electrode  was  cut  into  discs  with  14  mm  in  diam¬ 
eter  and  then  dried  at  60  °C  under  vacuum  for  12  h.  To  exclude  the 
mass  factor  of  the  PFIL,  the  sulfur  cathode  with  the  same  content  of 
PPy  nanotube  was  also  prepared,  (S:I<B:PPy  =  2.5:1.25:1.5). 
Accordingly,  the  sulfur  loading  in  the  cathode  was  around 
2.5-3  mg  cm'2.  CR2025  type  coin  cells  were  assembled  in  a  glove 
box  with  oxygen  and  water  contents  less  than  1  ppm.  PPy  nanotube 
films  are  sandwiched  between  sulfur  cathode  and  separator  to  act 
as  the  functional  interlayer.  The  electrolyte  consisted  of  1  M 
LiN(CF3S02)2  (LiTFSI)  in  a  mixed  solvent  of  1,3-dioxolane  (DOL)  and 
dimethyl  ether(DME).  The  cells  contained  Celgard  2400  as  the 
separator  and  lithium  foils  as  both  the  counter  and  reference 
electrodes. 

2.3.  Characterization 

SEM  images  were  measured  by  field  emission  scanning  electron 
microscope  (FESEM  JSM-6700)  and  scanning  electron  microscope 
(Hitachi  S-3400  N).  AC  impedance  measurement  was  carried  out  by 
a  Frequency  Response  Analyzer  (FRA)  technique  on  an  Autolab 
Electrochemical  Workstation  over  the  frequency  range  from  0.1  Hz 
to  10  MHz  with  the  amplitude  of  10  mV.  The  galvanostatic  charge 
and  discharge  tests  were  conducted  on  a  LAND  CT2001A  battery 
test  system  in  a  voltage  range  of  1.8-2.8  V  (vs.  Li/Li+). 

3.  Results  and  discussions 

SEM  images  of  PPy  nanotubes  fabricated  though  the  modified 
soft  template  are  shown  in  Fig.  2.  As  seen,  uniform  PPy  nanotubes 
are  obtained,  the  diameters  and  lengths  of  the  PPy  nanotubes  are 
around  120  nm  and  20  pm,  respectively.  The  higher  proportion  of 
Fe3+  compared  to  MO  during  the  fabrication  process  aims  to  obtain 
a  higher  aspect  ratio  of  PPy  nanotubes,  which  can  improve  the 
mechanical  strength  of  the  PNTF  [28]. 
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Fig.  2.  The  SEM  images  of  PPy  nanotube  at  different  magnifications. 


As  seen  in  Fig.  3a,  The  cells  displays  close  initial  discharge  ca¬ 
pacities,  because  PNTF  is  porous,  which  can't  hinder  the  perfect 
contact  between  the  sulfur  cathode  and  the  electrolyte.  The  charge/ 
discharge  profiles  of  Li-S  battery  with  and  without  PNTF  show  that 
there  are  two  discharge  plateaus  at  around  2.3  V  and  2.1  V  corre¬ 
sponding  to  the  generating  of  Li2Sx  (x  >  2)  and  L^Sy  (y  <  2), 
respectively  [29  .  Flowever,  Li-S  battery  with  PNTF  shows  higher 
discharge  plateaus  and  lower  charge  plateaus  relatively,  indicating 
a  decreased  polarization.  It  is  worth  noting  that  there  is  a  valley  at 
the  end  of  the  first  discharge  plateau  and  a  peak  at  the  beginning  of 
the  charge  profile  for  the  cell  without  interlayer,  while  they  both 
disappear  for  the  cell  with  PNTF.  The  viscosity  of  the  electrolyte 


reaches  the  maximum  value  because  of  the  dissolution  of  lithium 
polysulfides  at  the  end  of  the  first  plateau  in  the  electrolyte,  which 
increases  the  polarization  of  the  battery.  The  dissolved  lithium 
polysulfides  are  reduced  to  the  insoluble  Li2S2/Li2S,  then  the  vis¬ 
cosity  of  the  electrolyte  decreases  at  the  beginning  of  the  second 
discharge  plateau,  which  weakens  the  polarization  of  the  battery, 
so  there  is  a  valley  at  the  end  of  the  first  discharge  plateau.  The  peak 
at  the  beginning  of  the  charge  profiles  is  also  attributed  to  the 
changes  of  the  polarization.  The  redistribution  of  insulating  sulfur 
can't  be  avoided  because  of  the  dissolution  of  lithium  polysulfides 
during  the  charge/discharge  process.  It  increases  the  polarization  of 
Li-S  battery  when  the  U2SIU2S2  insulating  layer  is  formed  on  the 
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Fig.  3.  (a)  Initial  charge/discharge  profiles,  (b)  cycle  performance  and  coulombic  efficiency  of  Li-S  batteries  with  PNTF  and  without  PNTF  at  0.2C,  (c)  the  prolonged  cycle  per¬ 
formance  of  Li-S  battery  with  PNTF  at  0.5C. 
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Table  1 

Fitted  values  of  the  impedance  spectra  in  Fig.  4,  Re,  Rct  and  R[nt  correspond  to  Fig.  4a, 
R'e,  R' ct  and  R'\nt  correspond  to  Fig.  4b. 


Re(Q) 

Ra(Q) 

Rint(fi) 

R'e(Q) 

R'ct(0) 

R'in,(fi) 

0  cycle 

3.74 

69.3 

15 

3.68 

29.5 

12 

5  cycle 

4.34 

2.5 

6.2 

4.02 

2.5 

8.5 

15  cycle 

5.39 

2.7 

8.4 

4.52 

2.7 

8.2 

30  cycle 

6.43 

3.1 

11.1 

5.12 

3 

8.3 

60  cycle 

7.63 

6.2 

13.1 

6.50 

3.2 

9.5 

100  cycle 

8.85 

11.4 

14.6 

7.35 

3.3 

10.2 

surface  of  cathode,  anode  and  separator  at  the  end  of  the  discharge 
process.  Then  the  insulating  layer  is  transformed  to  the  soluble 
lithium  polysulfides  at  the  beginning  of  the  charge  process, 
resulting  in  the  peak  at  the  beginning  of  the  charge  process  [30]. 
Both  the  two  phenomenon  disappear  because  of  the  addition  of 
PNTF,  indicating  that  PNTF  can  effectively  suppress  dissolution  of 
lithium  polysulfides  and  the  redistribution  of  insulating  active 
material,  then  the  polarization  changing  during  the  charge/ 
discharge  process  is  suppressed. 

Fig.  3b  shows  the  cycle  performance  and  coulombic  efficiency  of 
the  cells  with  and  without  PNTF.  There  is  strong  adsorption  effect 
between  PPy  and  lithium  polysulfides,  in  addition  to  the  large 
specific  areas  of  PPy  nano-tube.  Therefore,  as  the  functional  inter¬ 
layer,  PNTF  can  inhibit  the  dissolution  and  migration  of  lithium 
polysulfides  more  effectively  than  carbon  materials  based  inter¬ 
layer,  then  shuttle  effect  is  suppressed  effectively.  So  the  low 
coulombic  efficiency  and  attenuated  capacity  fading  owing  to 
shuttle  effect  are  inhibited.  The  discharge  capacity  of  Li-S  batteries 
with  PNTF  retains  at  890  mAh  g_1  at  0.2C  after  200  cycles,  which  is 
much  higher  than  the  cell  without  interlayer  (287  mAh  g-1  after 
200  cycles).  Simultaneously,  the  average  coulombic  efficiencies  of 
Li-S  batteries  with  PNTF  are  as  high  as  90.89%,  which  is  higher  than 
that  of  the  cell  without  PNTF.  To  exclude  the  mass  factor  of  the 
PNTF,  the  cycle  performance  of  sulfur  cathode  with  the  same  sulfur 
content  compared  to  the  sulfur  cathode  with  PNTF  is  shown  in 
Fig.  3b  (without  PNTF-2),  too.  As  seen,  the  cycle  performance  is 
enhanced  to  some  extent  with  the  addition  of  PPy  nanotubes  in  the 
cathode  directly,  because  the  sulfur  content  decreases.  While  it  is 
far  worse  than  the  cell  with  PNTF,  so  the  enhanced  electrochemical 
performance  can  be  attributed  to  the  addition  of  PNTF.  Moreover, 
PNTF  shows  enhanced  improvement  performance  compared  to 
that  of  PFIL  26  ,  because  of  the  higher  specific  area  and  the  pores  of 


PNTF,  which  has  stronger  adsorption  effect,  and  it  wouldn't  hinder 
the  contact  between  the  sulfur  cathode  and  electrolyte. 

As  seen  in  Fig.  3c,  the  initial  discharge  capacity  is  1102  mAh  g-1, 
and  it  retains  at  712  mAh  g-1  after  300  cycles  at  0.5C,  and  the 
coulombic  efficiency  increase  to  around  92%  in  the  electrolyte 
without  LiN03.  Although  the  addition  of  LiN03  in  the  electrolyte 
can  increases  the  coulombic  efficiency  of  Li-S  battery,  it  has  been 
reported  that  the  electrolyte  with  LiN03  added  can  oxidize  sulfur 
compounds  to  higher  and  irreversible  oxidation  states,  such  as 
LixSOy  species  [31  .  Moreover,  the  decomposition  of  LiN03  will 
generate  gas  during  charge/discharge.  The  Li-S  battery  with  PNTF 
shows  excellent  cycle  stability  and  improved  coulombic  efficiency 
in  the  electrolyte  without  LiN03.  which  can  avoid  the  disadvantages 
of  LiN03  additives.  Table  1. 

To  investigate  the  electrochemical  process  of  Li-S  battery  with 
and  without  PNTF,  the  Nyquist  plots  of  the  cells  at  fully  charged 
state  after  different  cycles  are  carried  out  on  an  Autolab.  As  shown 
in  Fig.  4,  the  Nyquist  plots  of  Li-S  battery  is  composed  of  a 
depressed  semicircle  in  the  high  frequency  region  (corresponding 
to  the  interfacial  resistance  R[ nt),  a  depressed  semicircle  in  middle 
frequency  region  (corresponding  to  the  charge  transfer  resistance 
Rct)  and  a  straight  slopping  line  in  the  low  frequency  region  (cor¬ 
responding  to  the  Warburg  resistance)  [32,33  .  The  fitted  values  of 
the  impedance  spectra  in  Fig.  4  are  shown  in  Table.  For  the  Li-S 
battery  with  and  without  PNTF,  the  resistance  decreases  largely 
after  5  cycles,  indicating  the  electrochemical  activity.  Hereafter,  the 
Rct  and  R[n t  increase  evidently  because  of  the  redistribution  of 
insulating  active  material  on  the  surface  of  cathode,  anode  or 
separator  during  charge/discharge  process,  The  increased  Re  can  be 
attributed  to  the  dissolved  lithium  polysulfides  in  the  electrolyte, 
which  increases  the  viscosity  of  the  electrolyte.  For  Li-S  battery 
with  PNTF,  PPy  interlayer  act  as  a  pseudo-upper  current  collector, 
reducing  the  effective  resistance  of  the  highly  insulating  sulfur 
cathodes  [16  .  And  the  increase  of  R'e  is  inhibited,  showing  the 
suppressing  of  the  dissolution  of  lithium  polysulfides.  R'ct  and  R'mt 
retain  at  around  3  Cl  and  10  Cl,  respectively,  showing  the  inhabi¬ 
tation  of  the  redistribution  of  insulating  sulfur  with  the  addition  of 
PNTF  during  charge/discharge  process. 

To  further  determine  the  adsorption  effect  of  PPy  to  PS  and  S,  the 
surface  morphology  of  the  PNTF  after  100  cycles  is  observed  in 
Fig.  5.  There  are  some  deposition  on  the  surface  of  PNTF,  and  the 
diameter  of  cycled  PPy  nanotubes  is  around  180  nm,  which  is  larger 
than  that  of  PPy  nano-particles  fabricated  before  with  the  same 
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Fig.  4.  Nyquist  plots  measured  at  different  cycles  of  Li-S  battery  with  PNTF(a)  and  without  PNTF(b). 
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Fig.  5.  The  SEM  images  of  PNTF  after  lOOcycles  at  0.2C. 
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Fig.  6.  The  cross-sectional  morphology  of  PNTF  after  lOOcycles  at  0.2C  (a),  (b),  the  elemental  mapping  of  S  (c)  and  C  (d)  in  (a). 


method  (as  shown  in  Fig.  2),  showing  the  deposition  of  active 
material.  The  cross-section  morphology  and  elemental  mapping  of 
PNTF  are  shown  Fig.  6,  as  shown,  the  thickness  of  PNTF  is  around 
35  pm,  and  the  C  and  S  elements  have  the  same  distribution  as  the 
section  of  PNTF,  suggesting  that  there  is  elemental  sulfur  coating 
onto  the  surface  of  PPy  nano-particles.  It  was  reported  that  not  all 
the  U2S  can  be  oxidized  to  sulfur  during  charge  process,  so  the 


material  coated  on  the  surface  of  PNTF  consist  of  sulfur  and  lithium 
polysulfides  [5]. 

Because  of  the  addition  of  PNTF,  the  corrosion  reaction  on  the 
surface  of  anode  is  suppressed  evidently.  As  shown  in  Fig.  7a,  the 
surface  of  the  pristine  lithium  sheet  is  smooth,  while  it  becomes 
uneven  and  loosely  packed  after  100  cycles,  suggesting  serious 
corrosion  of  lithium  anode  during  charge/discharge  process  13,34]. 


Fig.  7.  The  SEM  image  of  the  pristine  Li  anode  (a),  the  Li  anode  after  lOOcycles  without  PNTF  (b),  and  the  Li  anode  after  lOOcycles  with  PNTF  at  0.2C  (c). 
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However,  the  surface  of  lithium  anode  is  uniform  with  PNTF  addi¬ 
tion  (Fig.  7c),  demonstrating  that  the  addition  of  PNTF  evidently 
inhibit  the  dissolution  and  migration  of  lithium  polysulfides  in  the 
electrolyte.  Thus  the  corrosion  reaction  between  lithium  anode  and 
PS  is  suppressed  effectively. 

4.  Conclusion 

PPy  nanotubes  film  is  self-assembled  with  a  simple  method 
from  PPy  nano-tubes.  As  the  functional  interlayer  of  Li-S  battery, 
PNTF  can  not  only  reduce  the  polarization  of  the  cell,  but  also 
suppress  the  shuttle  effect  during  charge/discharge  process 
because  of  the  strong  adsorption  effect  between  PPy  and  lithium 
polysulfides.  Moreover,  PNTF  has  higher  specific  area  and  larger 
amount  of  pores  compared  to  those  of  PFIL,  thus  it  shows  bigger 
advantages  when  it  is  used  as  the  functional  interlayer.  Thus  the 
strategy  adapted  here  can  be  helpful  to  the  commercialization  of 
Li-S  battery.  New  functional  interlayer  for  Li-S  battery,  such  as  the 
other  conductive  polymers,  Li+  conductor  ceramic  and  so  on,  are  all 
worth  studying  in  the  future. 
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